Diagnostic methods that focus on the extracellular vesicles (EVs) present in saliva have been attracting great attention because of their non-invasiveness. EVs contain biomolecules such as proteins, messenger RNA (mRNA) and microRNA (miRNA), which originate from cells that release EVs, making them an ideal source for liquid biopsy. Although there have been many reports on density-based fractionation of EVs from blood and urine, the number of reports on EVs from saliva has been limited, most probably because of the difficulties in separating EVs from viscous saliva using density gradient centrifugation. This article establishes a protocol for the isolation of EVs from human saliva using density gradient centrifugation. The fractionated salivary EVs were characterized by atomic force microscopy, western blot and reverse transcription polymerase chain reaction. The results indicate that salivary EVs have a smaller diameter (47.8912.3 nm) and higher density (1.11 g/ml) than EVs isolated from conditioned cell media (74.0923.5 nm and 1.06 g/ml, respectively). Additionally, to improve the throughput of density-based fractionation of EVs, the original protocol was further modified by using a fixed angle rotor instead of a swinging rotor. It was also confirmed that several miRNAs were expressed strongly in the EV-marker-expressing fractions.
EVs are sometimes classified into subclasses, such as ''exosomes,'' ''microvesicles'' and ''apoptotic bodies,'' among others, based on their sizes, protein markers and other features; this has been proposed to represent presumed biogenetic pathways of these subclasses of vesicles (11) . However, the isolation methods and conditions for EVs differ markedly between research groups, and further studies should be conducted to reach a consensus on the subclassification of EVs. Current methods for the isolation of EVs include differential centrifugation (12) , density gradient centrifugation (9) , immunoaffinity capture (13) , size-exclusion chromatography (14) , polymer-based precipitation (15) and others (16) . Among them, density gradient centrifugation has been considered the ''gold standard'' for the isolation of EVs (17) , in which EVs are separated from other biomolecules based on the differences in their densities. Generally, membranous vesicles have lower densities, whereas supramacromolecular complexes of proteins have higher densities (18) . EV fractions prepared by methods other than density gradient centrifugation often contain non-EV molecules, which may complicate the assessment of results (5) . In the developmental stage of diagnostic methods, the usage of highly enriched EVs is desirable. However, the current protocols for density gradient centrifugationbased EV isolation have been established for serum (13) , plasma (19) , urine (20) and conditioned media (18) but are not compatible with the isolation of EVs from other body fluids, such as milk (21) , cerebrospinal fluid (22) and saliva (as shown below). As far as is known by the authors, all studies of salivary EVs that have been reported until now have used samples purified by differential centrifugation (23Á29), gel filtration (30) , immunoaffinity capture (31) and polymer-based precipitation methods (32, 33) .
In this work, to characterize well-defined salivary EVs, a protocol has been established that allows for the isolation of EVs from human saliva by density gradient centrifugation. By comparing the EVs isolated from saliva and culture cell supernatant, the smaller size and higher density of salivary EVs have been revealed. Additionally, to improve the throughput of sample processing and analysis, a modified isolation protocol has been established that has higher throughput than the conventional density gradient centrifugation method.
Materials and methods

Antibodies and reagents
The following anti-human antibodies and their dilution rates were used for western blot (WB) analyses: mouse anti-CD63 (Abcam, Cambridge, MA, USA; 1:1,000), mouse anti-CD133 (Abnova Corp., Taipei city, Taiwan; 1:1,000), rabbit anti-aquaporin 5 (AQP5) (Abcam; 1:500), mouse anti-b-actin (SigmaÁAldrich, St. Louis, MO, USA; 1:1,000), rabbit anti-CD26 (Abcam; 1:1,000), mouse anti-CD81 (EXBIO, Plaha, Czech; 1:1,000), mouse antiEpCAM/TROP-1 (R&D Systems, Minneapolis, MN, USA; 1:1,000), rabbit anti-HSP70 (System Biosciences, Mountain View, CA, USA; 1:1,000), mouse anti-TSG101 (BD Transduction Laboratories, San Jose, CA, USA; 1:500), rabbit anti-CD44 (SigmaÁAldrich; 1:1,000), rabbit anti-CD24 (Santa Cruz Biotechnology, Dallas, TX, USA; 1:100) and mouse anti-CD9 (Abcam; 1:500). Secondary antibodies coupled to horseradish peroxidase were as follows: goat anti-rabbit IgG (H ' L)-HRP conjugate (Bio-Rad, Hercules, CA, USA; 1:2,000), goat anti-mouse IgG [(H ' L)-HRP conjugate (Bio-Rad; 1:2,000)] and rabbit anti-goat IgG (H ' L)-HRP conjugate (Bio-Rad; 1:2,000). Iohexol (Nycodenz) and iodixanol (OptiPrep) purchased from Axis-Shield PoC (Oslo, Norway) were used as density gradient media. Each gradient medium was prepared in 0.02 M HEPES [4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid]/NaOH, pH 7.2 buffer.
Whole saliva collection and pretreatment
The investigations were approved by the medical ethics committee at the Japanese Foundation for Cancer Research (approval number: JFCR 2013-1112). Fifteen millilitres of whole saliva was collected from healthy volunteers for experiments shown in Figs. 2Á5. In the modified protocol (Figs. 6 and 7), 5 ml of whole saliva from 8 healthy volunteers (4 males and 4 females) with a mean age of 39910 years (range, 28Á57 years) was collected under standard conditions. Briefly, subjects were asked not to eat, drink or perform strenuous physical exercise for at least 1 h before saliva collection. Saliva samples were collected between 9:00 and 11:00 a.m. Unstimulated saliva samples were collected in a consistent manner into 50-ml CELLSTAR tubes (#227261, Greiner Bio-One, Kremsmü nster, Austria) by spitting and were kept on ice. Immediately after saliva collection, samples were pretreated by filtration or sonication for the experiment shown in Supplementary Fig. 2 . For filtration, commercial filters were investigated, including 0.45, 0.22 and 0.1-mm polyvinylidene difluoride (PVDF) membrane; 0.2-mm Posidyne membrane and 0.22-mm mixed cellulose esters membrane. For sonication, the closed-type sonication system (Bioruptor, Diagenode, Inc., Liege, Belgium), open-chiptype sonicator (250 Sonifier, Branson, Danbury, CT, USA) and bath-type sonicator (UC-0515A, Tokyo Choonpa Giken Co. Ltd, Tokyo, Japan) were used. The effectiveness of pretreatments was assessed by comparing silver staining patterns in sodium dodecyl sulphateÁpolyacrylamide gel electrophoresis (SDSÁPAGE). For all other experiments, except the ones shown in Supplementary Figs. 1 and 2 , saliva was pretreated by the closed-type sonication system (Bioruptor). The density for each fraction after ultracentrifugation was determined using a refractometer (RX5000a, Atago Co. Ltd, Tokyo, Japan).
Protocols for EV preparation
Preparation from 15 ml whole saliva The schematic diagram of the procedures is shown in Fig. 1a (left) . Fifteen millilitres of saliva was mixed with 15 ml of PBS (137 mM NaCl, 2.68 mM KCl, 8.10 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 , pH 7.4 buffer), was pretreated as described above and was then centrifuged at 2,600 )g for 30 min at 48C (model 5500, Kubota, Osaka, Japan) to remove cells, bacteria and potential food debris. The supernatants were collected in 38.5-ml ultraclear tubes (#344058, Beckman Coulter, Brea, CA, USA) and were centrifuged at 160,000 )g for 70 min at 48C (L-90K with SW32Ti rotor, Beckman Coulter) to yield crude EVs as pellets. The crude EVs were resuspended in 2.5 ml of either 2.0 M sucrose, 50% iohexol or 47% iodixanol in 0.02 M HEPES/NaOH, pH 7.2 buffer and inserted into a step gradient that comprised either from 2.5 ml of 2.0, 1.6, 1.18 and 0.8 M sucrose; 50, 40, 30, and 20% iohexol or 47, 37, 28 and 18% iodixanol solutions in 14-ml ultra-clear tubes (#344060, Beckman Coulter), as illustrated in Fig. 1b . Then, within 1 h, the tubes were centrifuged at 160,000 )g for 17 h at 48C (L-90K with SW40Ti rotor, Beckman Coulter). After centrifugation, first, 1.25 ml of top fraction was collected as fraction 1, and then four 2.5 ml fractions flanking the interphase separating 2 neighbouring were collected. Finally, 1.25 ml of bottom fraction was collected as fraction 6 (Fig. 1b) . The density of each fraction after centrifugation was measured by a refractometer (RX-5000a, Atago Co. Ltd). The collected fractions were stored at 48C until analysed.
High-throughput preparation from 5 ml saliva As shown in Fig. 1a (right), 5-ml saliva samples (no dilution) were pretreated with a closed-type sonication system as described above and were then centrifuged at 2,600 )g for 30 min at 48C (model 5500, Kubota). The supernatants were collected in 4.7-ml tubes (OptiSeal tubes, Beckman Coulter) and were centrifuged at 160,000 )g for 20 min at 48C (Optima MAX-TL ultracentrifuge with TLA-110 rotor, Beckman Coulter). The pellets were washed once with 4.7 ml of PBS followed by centrifugation at 160,000 )g for 20 min at 48C. The obtained crude EVs were resuspended in 640 ml of 47% iodixanol solution and inserted between 47 and 37% step gradients composed of 47, 37, 28 and 18% iodixanol in 3.2-ml tubes (#362305, polycarbonate tubes, Beckman Coulter). Then, within 1 h, tubes were centrifuged at 160,000 )g for 4 h at 48C (Optima MAX-TL ultracentrifuge with TLA-110 rotor, Beckman Coulter). After centrifugation, first, 320 ml of the top fraction was collected as fraction 1 and then four 640-ml fractions flanking the interphase separating 2 neighbouring were collected. Finally, 320 ml of bottom fraction was collected as fraction 6.
EV preparation from HT-29 conditioned medium
For the preparation of EVs from cell culture medium, cells were first propagated using the BelloCell cell culture system (CES-BCB01000, CESCO Bioengineering, Taichung, Taiwan). Human colon adenocarcinoma cell line HT-29 (2)10 8 cells/30 ml) was seeded into 120 ml of McCoy's 5A medium supplemented with 10% foetal bovine serum and penicillinÁstreptomycin solution (168-23191, Wako Chemicals, Tokyo, Japan) in BelloCell-500p bottle and was incubated for 96 h. When the concentration of the cells reached 1)10 9 cells/500 ml, the culture medium was replaced with DMEM/F12 (B-27 supplement, 20 ng/ml EGF, 20 ng/ml FGF and PS) and was incubated for an additional 72 h. The collected conditioned medium (500 ml) was centrifuged at 6,000 rpm for 10 min at 48C (JA-14 rotor, Beckman Coulter) to remove cells, which were further cleared by filtrating through a Stericup-GP (SCGPT02RE 250 ml, 0.22-mm, polyethersulfone) using a full Teflon diaphragm vacuum pump (FTP-18A, Iwaki Co. Ltd, Tokyo, Japan). The filtrates were divided into aliquots (30 or 83 ml) and were sequentially centrifuged at 160,000)g for 70 min at 48C (L-90K, with SW32Ti rotor, Beckman Coulter) to get crude EV fractions. All pellets were collected and resuspended in 29.5 ml PBS and were again centrifuged at 160,000 )g for 70 min at 48C. The washed pellet was resuspended in 2.5 ml of density gradient media and was fractionated by gradient centrifugation as described above. The resultant samples were stored at 48C until analysed.
SDSÁPAGE, WB and silver staining For SDSÁPAGE, 24-ml samples of each fraction were mixed with 8 ml of 4) reducing sample buffer (1 M TrisÁ HCl, pH 6.8, 30% glycerol, 6% SDS, 3% 2-mercaptoethanol, 0.005% bromophenol blue) or 4) non-reducing sample buffer (without 2-mercaptoethanol, for anti-CD63 and CD81 antibodies) and incubated at 958C for 5 min. Proteins were separated through 10 or 15% polyacrylamide gel (Long Life GEL 10 or 15%, Oriental Instruments, Kanagawa, Japan) in SDS running buffer at a constant 1,000 V, 40 mA for 40 min. Separated proteins were electrotransferred onto PVDF membranes using a blotting system (iBlot, Invitrogen, Carlsbad, CA, USA). Nonspecific binding sites were blocked by incubating the membrane in Blocking One (03953-95, Nacalai Tesque, Kyoto, Japan) for 1 h, and then were washed 3 times for 5 min in Tris-buffered saline (TBS)-Tween (10 mM TrisÁ HCl, 150 mM NaCl, 0.02% Tween-20, used for all the washes throughout the WB experiment). Membranes were probed with primary antibody overnight in Can Get Signal Solution 1 (Toyobo Co. Ltd, Osaka, Japan), followed by incubation with horseradish peroxidase-linked secondary antibodies in Can Get Signal Solution 2 (Toyobo Co. Ltd) for 30 min in the dark. All antibody incubations were carried out under gentle orbital shaking.
WBs were washed 3 times in TBS-Tween for 5 min after each incubation step. Primary antibodies were probed with horseradish peroxidase-conjugated secondary antibodies, detected using enhanced chemiluminescence (ECL) and then visualized with a ChemiDoc camera system (Bio-Rad). For total protein analyses, gels were fixed in acetic acid and stained using SilverQuest (LC6070, Invitrogen).
Atomic force microscopy
Atomic force microscopy (AFM) images of EV samples were collected using tapping-mode AFM (MFP-3D-SA-J, Asylum Research, Oxford Instruments, CA, USA) under aqueous conditions equipped with silicon probes (OMCL-TR400PSA, Olympus Corporation, Tokyo, Japan). In AFM observations, EVs were immobilized on mica (#50, Ted Pella, Inc., Redding, CA, USA), which was premodified with 3-aminopropyltriethoxysilane (APTES) on its surface. Twenty microlitres of EV sample was placed on the APTES-coated mica and was incubated for 15 h at 48C, which was followed by washing with 100 ml of PBS. Topographic height and phase images were recorded at 2 ) 2 mm 2 , 512 ) 256 pixels, at a scan rate of 0.20 Hz (1 mm/s) in PBS. Images were processed by SPIP 6.3.6 image analysis software.
Nanoparticle tracking analysis NanoSight NTA (nanoparticle tracking analysis) (NanoSight LM10, Malvern Instruments Ltd, Malvern, UK) was used to estimate the sizes and numbers of particles present in each fraction. Each fraction was first diluted with PBS so that the concentrations of particles would fall into the range between 2 and 10 ) 10 8 particles/ml (corresponding to the preferred measurement concentration for LM10). Data were collected for 30 sec at ambient temperature with the parameters of camera level 14 and threshold 4. Recorded movie data were analysed with the NTA 2.3 program to calculate the sizes and numbers of particles included. The analysed sample solutions contained non-negligible amounts of iohexol or iodixanol even after dilution, which should have increased the viscosities of the samples. Because precise sample viscosity is a prerequisite for NTA analyses, we (a) determined the densities of each of 6 fractions by a refractometer; (b) calculated the densities of the NTA samples after dilution; (c) measured the viscosities of the iohexol and iodixanol solutions, the densities of which corresponded to the calculated values in (b), by using an Ubbelohde viscometer (2613-0003, SIBATA, Tokyo, Japan) at ambient temperature according to the manufacturer's instructions (n03) and (d) used the values of the observed viscosities for the NTA analyses. For the experiments using iohexol, the densities and viscosities of the samples after dilution were as follows: 1.03 g/ml and 1.01 cP for fractions 1, 2 and 4; 1.06 g/ml and 1.17 cP for fraction 3; 1.13 g/ml and 1.67 cP for fraction 5 and 1.14 g/ml and 1.74 cP for fraction 6. The densities and viscosities of the iodixanol separation were as follows: 1.01 g/ml and 0.93 cP for fraction 1, 1.02 g/ml and 0.96 cP for fraction 2, 1.03 g/ml and 1.02 cP for fraction 3, 1.11 g/ml and 1.52 cP for fraction 4, 1.12 g/ml and 1.64 cP for fraction 5 and 1.15 g/ml and 1.98 cP for fraction 6.
(Note that a measurement of 1.98 cP for iodixanol for fraction 6 exceeds the maximum limit of 1.82 cP for the NTA 2.3 program. We therefore used a value of 1.82 cP for the calculation for that sample.) Three independent movies were analysed. For the experiment depicted in Fig. 3c , the NanoSight was calibrated with 100-nm silica microspheres (#24041, Polysciences, Inc., Warrington, PA, USA) prior to analysis.
RNA extraction
RNA was extracted from each fraction using the acid guanidinium thiocyanateÁphenolÁchloroform extraction method (Trizol, Life Technologies, Carlsbad, CA, USA).
The quantity and quality of the extracted RNA were evaluated using capillary electrophoresis (Bioanalyzer 2100, Agilent Technologies, Santa Clara, CA, USA) with RNA 6000 Pico Kit (Agilent Technologies).
MicroRNA expression analysis Ninety-three miRNAs, which were selected based on their possible involvement in oral disorders or systemic illness, were investigated for their presence in each fraction as follows: first, RNAs contained in each fraction were reverse transcribed into cDNA in 7.5 ml of reaction mixture that contained 2.5 ml of total RNA, 0.075 ml of 100 nM dNTP, 0.095 ml of RNase inhibitor (20 U/ml), 0.5 ml of RT enzyme (50 U/ml), 1.5 ml of 10) Megaplex RT Primers (Human Pool A v2.1), 0.75 ml of 10) RT buffer and 2.08 ml of nuclease-free water, at 168C for 30 min; this was followed by 428C for 30 min and 858C for 5 min.
The resultant cDNAs were further amplified (pre-PCR amplification reaction) by PCR before quantification. In this step, we used 18 PCR cycles, a number which has been previously used (34) . For this purpose, 1.25 ml of cDNAs was mixed with 2. (20)) and the Assay Loading Reagent (Fluidigm, PN 85000736, 2)). After loading, the chip was placed in the BioMark HD and the conditions of ''at 708C for 30 min, 258C for 10 min, 958C for 1 min, 35 cycles at 968C for 5 sec and then 608C for 20 sec'' were used in this research. Obtained data were processed with real-time PCR analysis software (version 4.
1.3) equipped with a BioMark HD system (Fluidigm).
A quality threshold of 0.65, a baseline correction of liner (derivative) and a C t threshold of auto (global) were used. All reagents used were purchased from Applied Biosystems, Inc., (Foster City, CA, USA) unless otherwise specified. Data are available at the NCBI GEO database under submission numbers GSE78763 and GPL21535.
Results
Human whole saliva is not compatible with the EVisolation method established for other body fluids The current gold standard for EV isolation uses equilibrium density gradient centrifugation, which fractionates substances based on differences in buoyant densities. By using the reported protocol of the floating-up equilibrium sucrose density gradient centrifugation, this study first tried to isolate EVs from saliva as well as from the conditioned medium of in vitro cultured cells (HT-29, human colon adenocarcinoma cell line). In the case of the conditioned medium, as previously reported, CD63 was detected in the fractions with densities of 1.10Á1.17 g/ml ( Supplementary Fig. 1b, right) . In contrast, from saliva, the signal of CD63 was only detected in the fractions whose densities were 1.24Á1.26 g/ml ( Supplementary Fig.  1b , left). It was assumed that the apparently higher density of the salivary EVs was because of the unoptimized conditions for equilibrium density gradient centrifugation because the silver staining of proteins from each fraction indicated that whole proteins stayed in the heavy density fractions ( Supplementary Fig. 1a, left) , whereas the crude EVs were deposited prior to centrifugation. The viscous nature of saliva might not allow the use of a conventional protocol for an equilibrium density gradient centrifugation. A solution to this problem was first approached by optimizing the pretreatment conditions for salivary EV isolation.
The pretreatment of saliva improved the formation of density gradients in ultracentrifugation The effects of pretreatment of saliva on fractionation were first investigated by sucrose density gradient centrifugation. Without pretreatment, as described above, salivary proteins did not float up adequately through the gradient media and remained near the bottom fractions (Supplementary Fig. 1a, left) . At the same time, turbulence was observed in the density gradient that was formed after centrifugation ( Supplementary Fig. 2 , top) around fractions 5 and 6, which corresponded to the fractions having viscous properties in pipetting compared with other fractions (data not shown). It was thought that certain viscous moieties in saliva stuck around in fractions 5 and 6 while floating through the media; this may have hindered the movements of other molecules, including EVs, in density gradient centrifugation. Therefore, to reduce the viscosity of saliva, it was passed through a filter or disrupted by sonication. Five microfiltration membranes with various pore sizes composed of various materials were tested, and 3 sonication systems, tip type, closed type and bath type, were tried. Results obtained showed that most of these pretreatments for saliva yielded linear formation of densities after centrifugation (Supplementary Fig. 2 ). However, it was noticed that pretreatment with filters resulted in the loss of particles under the conditions used, based on quantification with nanoparticle tracking analysis (data not shown). With consideration of operability and biosafety, it was decided to adopt a closed-type sonicator (Bioruptor) for pretreatment of saliva in further studies.
After pretreatment with a closed-type sonicator (Bioruptor), 17 h of centrifugation of human saliva in sucrose gradient resulted in the linear formation of a gradient ( Supplementary Fig. 2) , and no viscous properties in pipetting were observed from any fraction (data not shown). However, proteins that are related to EVs were still recovered from the fractions with densities of 1.22Á1.25 g/ml, which are higher than the reported densities of EVs (Fig. 2b) (11) . Furthermore, most of the proteins were recovered from the fractions with a density !1.22 g/ml (Fig. 2a, left panel) , indicating that pretreatment alone was not sufficient for fractionation of saliva based on density under the conditions used.
The effects of gradient material on salivary EV isolation Sucrose has been widely used as a medium for density gradient fractionation experiments. Many groups in the field of EV research have used sucrose as a media for EV separation. In the research field of viruses, which shares many properties with EVs in size, structure and biogenesis routes, in addition to sucrose, other media such as metrizamide, iohexol and iodixanol (Fig. 1c) have been used, because those media may, in certain cases, result in better resolution of viruses (36) . Furthermore, the high osmotic pressure of sucrose could damage samples, whereas iohexol or iodixanol have lower osmotic pressures than sucrose (37) . Iodixanol has been used for the successful separation of exosomes from HIV, where sucrose could not separate them (36) .
We were interested in the effect of media on salivary EV separation and compared 3 different media, namely sucrose, iohexol and iodixanol (Fig. 2) . In these experiments, a method was used in which a sample was inserted into a step density gradient material (Fig. 1a and b) (38) in order to shorten the time required for the entire isolation processes. Saliva was pretreated with a closed-type sonicator as described above, and the crude fraction of EVs collected (the pellets after 160,000)g centrifugation) was subjected to step density gradient ultracentrifugation for 17 h, after which each fraction was analysed with silver staining (Fig. 2a) , WB (Fig. 2b) , NTA (Fig. 3) and AFM (Fig. 4) . The silver staining and WB revealed that, in sucrose media, proteins did not float up to appropriate fractions, indicating that equilibrium was not reached under the conditions used as described above (Fig. 2a and b, left panels) . With iohexol, CD63, CD133, AQP5, b-actin and CD26 were detected from fractions 2 and 3, whose observed densities were 1.12 and 1.17 g/ml, respectively (Fig. 2b, middle panel) . With iodixanol, these 5 markers were only abundant in fraction 2 (density of 1.11 g/ml) (Fig. 2b, right panel) . With iohexol, CD26, CD81, EpCAM, HSP70, TSG101, CD44 and CD24 were present in the fraction having a density of 1.17 g/ml (Fig.  2b, middle panel) , whereas these 7 proteins floated up to the fraction of 1.11 g/ml with iodixanol (Fig. 2b, right  panel) . From these observations, it was concluded that, among the 3 media tested, iodixanol yielded the best results (in terms of establishment of equilibrium) under the conditions used. Silver staining patterns also indicated that the movement of proteins was most prominent with iodixanol (Fig. 2a) . Interestingly, CD9 was recovered from the fraction with higher densities compared with other proteins, both in iohexol and iodixanol, suggesting either that (a) the molecule was not associated with vesicles (or non-vesicular complexes) whose density is higher than canonical EVs or (b) the subclass of EVs expressing CD9 moved more slowly in these media than canonical EVs did. To distinguish these possibilities, the iodixanol density gradient centrifugation was performed with ''floating'' (from bottom to top) and ''sedimentation'' (from top to bottom) conditions, and the fractions containing CD63, CD81, b-actin and CD9 (Supplementary Fig. 3) . Results indicated that all of CD63, CD81 and b-actin were observed from the fractions having a density of 1.10Á1.11 g/ml, irrespective of the direction of movement, confirming that the EVs expressing these proteins had completed their movement and were in a state of equilibrium with iodixanol for 17 h of centrifugation. In contrast, CD9 was located at the fraction of 1.11 g/ml in the ''sedimentation'' experiment ( Supplementary  Fig. 3, left) and at the fractions of 1.11Á1.24 g/ml in the ''floating'' direction (Fig. 2 , right, and Supplementary  Fig. 3, right) , indicating that the subpopulation of EVs expressing CD9 did not reach a state of equilibrium under the conditions used. The distributions of the sizes and numbers of particles contained in each fraction were assessed by NTA (NanoSight) for iohexol and iodixanol, and the results are shown in Fig. 3 . Size distributions (Fig. 3a) were similar among these 2 media (the modes of fraction 3 of iohexol and fraction 2 of iodixanol are 116.0 and 128.3 nm, respectively). Interestingly, with iohexol, a biphasic distribution of particle numbers was observed (fractions 2 and 4 contained more particles than the other fractions), and with iodixanol, fraction 1 had the most abundant particles (Fig. 3b) . These observations were reproduced in the independently isolated sample (Fig. 3c) . It is noteworthy that fraction 1 of iodixanol did not express the EVs marker investigated (Fig. 2b) and contained little protein (Fig. 2a) , suggesting that ''empty'' vesicles were concentrated in fraction 1 of the iodixanol centrifugation. As described below, vesicle-like structures were indeed observed in fraction 1 by AFM (Fig. 4) .
Comparison of salivary EVs with conditioned medium derived EVs
For comparisons, EVs were also fractionated from the conditioned medium of in vitro cultured cell, HT-29, colon adenocarcinoma grade II cell line using the same 3 media, namely, sucrose, iohexol or iodixanol (Supplementary Fig. 4) . Distributing patterns of CD63, CD133, TSG101, HSP70, EpCAM, b-actin and CD44 suggest that iodixanol and iohexol have better resolution than sucrose, because most of these proteins were concentrated in lighter fractions ( Supplementary Fig. 4) . Interestingly, when the densities of the fractions containing EV markers between saliva and HT-29 were compared, it was noticed that EVs from saliva had higher densities than conditioned cell medium (1.11 g/ml vs. 1.06 g/ml in iodixanol), even though they were analysed under identical conditions.
Atomic force microscopic analyses for salivary and cultured cell-derived EVs
The results obtained from density gradient fractionation experiments suggested that EVs from saliva and conditioned cell medium have distinct physicochemical characteristics. To extend the knowledge on the differences in physicochemical characters of these EVs, AFM observations were performed for these EVs (Fig. 4 and Supplementary Fig. 5 ), in which each fraction that was differentiated by density gradient centrifugation using the 3 media was applied on the APTES-modified mica disc and the attached moieties were scanned by AFM in PBS with liquid mode. As shown above (Fig. 2b) , in the WB analyses for each fraction, conventional EV markers such as CD63 or CD81 were expressed in fractions 4 and 5 from sucrose, fractions 2 and 3 from iohexol and fraction 2 from iodixanol. AFM observations have recognized putative EV particles as shown in Fig. 4 . Fractions 1 of iohexol and iodixanol contained larger particles (Fig. 4a) . Because the expression of EV-related markers was not detected in the fractions (Fig. 2) , and it had low densities (1.09 and 1. 07 g/ml, respectively), it was speculated that these larger particles would represent ''empty'' larger vesicles.
Under the conditions used, many tiny structures (whose diameters were mostly B5 nm, Fig. 4a ) were also observed in fractions 4 to 6 from sucrose, fractions 3 to 6 from iohexol and fractions 2 to 6 from iodixanol. These tiny moieties were not precipitates of media because the media themselves did not form these structures under identical centrifugation conditions (data not shown). Although the origins of these tiny structures are not yet known, particles having height !15 nm in AFM observations were considered EVs, whereas those smaller than 15 nm in height were not included in the analysis. The putative EVs (!15 nm) were quantified by focusing on fraction 2 in iohexol. The results obtained are plotted with numbers as the vertical axis and diameter as the horizontal axis (Fig. 5, left) . For comparison, the EVs were also prepared from the conditioned medium of HT-29 under the same conditions, and each fraction from sucrose and iohexol was analysed similarly (Supplementary Fig. 5 ). When the particle distributions in AFM of fraction 2 in iohexol were compared between these 2 sources, it was noticed that, in salivary EVs, particles having diameters of 40Á50 nm were dominant, whereas, in HT-29 EVs, the particles having diameters of 50Á100 nm accounted for 90% of the particles observed. The average vesicle diameters observed were calculated to be 47.8912.3 nm (n 0 36) and 74.0923.5 nm (n 0 53), respectively, for human saliva and HT-29. Thus, the data indicate that salivary EVs have smaller diameters (47.8912.3 nm) and greater densities (1.11 g/ml) compared with EVs isolated from conditioned cell media (74. 0923.5 nm and 1.06 g/ml, respectively).
Modified isolation protocol for salivary EVs with improved throughput As described above, the isolation protocol for salivary EVs was established, in which pretreatment of saliva with sonication and usage of iodixanol enables EVs to be fractionated based on their densities. However, the method established still required a long centrifugation time, 17 h for fractionation, which may hinder prompt progress in the discovery of diagnostic markers from many clinical samples. To improve the throughput of density-based fractionation of EVs, the original protocol was further modified by using a fixed angle rotor instead of a swinging rotor. For centrifugation of the density gradient, a swinging bucket rotor has been believed to be essential, because a fixed angle rotor could disturb the gradient during the decelerating step. However, it was found that, even when the crude EVs from saliva were floated up through a gradient of iodixanol using a fixed angle rotor, TLA-110, the linearity of gradient was kept, and CD63, CD133 and EpCAM were observed in the density of 1.09 mg/ml (Fig. 6 ).
Because the TLA-110 angle rotor has a lower k-factor (53.4) than the SW40Ti, swinging bucket rotor k-factor (244), the required centrifugation time could be shortened to 4 h from 17 h (The equation T 1 /K 1 0T 2 /K 2 was used for conversion of the centrifugation time between the different rotors, where T n and K n represent centrifugation time and k-factor of a given rotor, respectively) (39) . Using this new protocol (Fig. 1a, right) , human whole saliva-derived EVs from 8 healthy volunteers were isolated and analysed (Fig. 7) . In all specimens, CD63, TSG101, AQP5 and EpCAM were expressed mostly in fraction 2 with differences in expression levels among samples (Fig. 7, upper panel) . Total RNAs were extracted from each fraction by the acid guanidinium thiocyanateÁ phenolÁchloroform extraction method, and the amounts of 93 miRNAs, which have been reported to be associated with certain types of oral disorders or systemic diseases, were quantified by the TaqMan method using a BioMark HD system (Fluidigm) as described in Materials and Methods section (Fig. 7b) . Among those investigated, it was noticed that 5 miRNAs, miR-30b, miR-146a, miR-203, miR-223 and miR-375, were present in a large quantity in fraction 2 from all 8 of the samples (Fig. 7 and Supplementary Table I ). The data were collected with n 04 (experimental replicates), and these 5 miRNAs were expressed in all of n 04. When the miRNAs that were expressed in 3 out of 4 were examined, miR-24 was also categorized as an abundant species in salivary EVs. Each sample expressed a set of miRNAs, whose numbers ranged from 5 species (sample 2) to 27 species (sample 1) when focusing on the ones expressed in all of n 04. In addition, most of these miRNAs were most abundant in fraction 2, suggesting that the EVs having a density of 1.10 g/ml are the main source of salivary secreted miRNAs. Interestingly, some miRNAs were also present in fractions other than fraction 2. For an example, miR-197 (sample 1), miR-203 (sample 2) and miR-320 (sample 3) were expressed only in fraction 3 (Fig. 7, lower panel) , suggesting the presence of a distinct EV subclass in fraction 3.
Discussion
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When the conventional sucrose density-based purification protocols were used for the isolation of saliva, CD63, an EV marker, was detected in the fractions having very high densities ( Supplementary Fig. 1b, left) , and most proteins had not floated up to appropriate fractions ( Supplementary Fig. 1a, left) , suggesting that equilibrium had not been reached under the conditions used. To solve this issue, the effects of pretreating saliva using various filtration and sonication methods were first examined. Although most of these pretreatments improved the formation of a linear gradient of sucrose densities (Supplementary Fig. 2) , all of the EV markers tested and most proteins were still retained in the high-density fractions (Fig. 2, left) , indicating that the pretreatment alone was not sufficient for the fractionation of saliva by density gradient centrifugation.
It has already been reported that the choice of media for density gradient centrifugation affects the resolution of density-based separation (36) . Therefore, next, the effects of different media on salivary EV isolation were examined. In addition to sucrose (C 12 (Fig. 1c) . Iohexol and iodixanol are iodinated compounds whose viscosity is lower than that of sucrose (37) . Iodixanol is a dimer of iohexol and the dimeric structure of iodixanol reduces its osmolality, which makes it possible to prepare iso-osmotic solutions (ca. 260 mOsm) over a wide range of densities (up to 1.32 g/ml) with iodixanol (37) . These iodinated compounds have been widely used for isolation of cells or organelles (43, 44) . Iodixanol has also recently been used for densitybased isolation of EVs in some groups (45, 46) .
The results using iohexol and iodixanol as gradient media have shown that all EV-related signals (with the exception of CD9) tested were mostly concentrated in fraction 2 (density of ca. 1.11 g/ml) when iodixanol was used (Fig. 2, right) . NTA analyses (Fig. 3a) and AFM observations (Fig. 4) have also shown that fraction 2 (density of ca. 1.11 g/ml) of iodixanol centrifugation contained many EV-like particles. The ''equilibrium'' state of EV movement in iodixanol has been further confirmed by separating EVs both with ''floating'' and ''sedimentation'' directions, which concentrated CD63, CD81 and b-actin in the same fraction of density ( Supplementary  Fig. 3 ). This successful separation of salivary EVs with iodixanol is still dependent on pretreatment, because the EVs were not concentrated in the fraction of 1.11 g/ml when the pretreatment step was omitted (data not shown). Thus, by combining the pretreatment of saliva with sonication and the usage of iodixanol as the centrifugation media, salivary EVs can successfully be isolated.
Interestingly, as shown in Fig. 2 and Supplementary  Fig. 3 , there is still the subclass of EVs that have not yet reached the ''equilibrium'' state during the conditions used. Certain physicochemical properties of the subclass of EVs might reduce the velocity of EVs in the medium, thus retarding the movement in the density gradient. A similar observation has already been reported for prostasome; the author established the equilibrium state by prolonging centrifugation time (47) . Indeed, these unpublished observations showed the subclass of salivary EVs expressing CD9 as being isolated in the fraction of 1.11 g/ml when the centrifugation time was prolonged to 96 h.
Establishment of a state of ''equilibrium'' is important to gain insights into the nature of proposed EV markers, because the crude extract of EVs (i.e. the pellets after 160,000 )g centrifugation) usually contain various biomolecules other than EVs. However, active use of a ''non-equilibrium'' state can also be applied for the differentiation of EVs. In this context, the use of iohexol should be very attractive. As shown in Fig. 2 , under the conditions used, subclasses of EVs were separated based on their velocities. NTA analyses have also shown the biphasic distribution of particles from iohexol centrifugation ( Fig. 3b and c) . Although reproducible conditions would be difficult to establish, such a ''velocity method'' can be explored to establish a complete picture about the subclasses of EVs.
This study compared the properties of EVs, whose origins were saliva and the conditioned medium of an adenocarcinoma cell line, because it has been noticed that published sizes of salivary EVs (26, 28, 48, 49) were always smaller than the ones that were reported for EVs from other sources (50Á52). Because subtle differences in experimental conditions could affect the observed sizes of vesicles in AFM experiments, we carefully compared the properties of the salivary EVs and the conditioned medium under identical protocols. AFM observations (liquid mode) from this study have indeed confirmed the smaller size of salivary EVs. Salivary EVs had a mean diameter of 47.8912.3 nm in AFM observations, whereas the EVs from the HT-29 cell line, which were isolated under identical conditions, were 74.0923.5 nm in diameter (Fig. 5 ). Higher densities of salivary EVs compared with HT-29 EVs were also observed in the density gradient separation, irrespective of the medium used (compare Fig. 2 and Supplementary Fig. 4) . Further investigations will be needed to know if this apparent smaller size and higher density represent the intrinsic nature of salivary EVs (they are small and have high density when they are released into the oral cavity) or represent characteristic physicochemical properties (they are susceptible to isolation procedures and become smaller and more dense during the purification processes). In any case, the current data indicate that salivary EVs have distinct properties compared with EVs isolated from a cell line.
At the discovery stage of the development of diagnostic methods, ''throughput'' and ''accuracy'' are important factors. Isolation by density gradient centrifugation has been regarded as the ''gold standard'' method for isolation of EVs, and it can provide researchers with the opportunity to achieve ''accurate'' analyses of EVs. However, it requires a ''long'' centrifugation process, and thus has very low ''throughput.'' The original protocol for salivary EV isolation contained the step of 17 h of centrifugation to establish a state of equilibrium (Fig. 1a, left) . It has been believed that the use of a swinging bucket rotor is essential for the experiment of equilibrium density gradient separation to avoid turbulence in the gradient induced during the decelerating step. However, the observations in this study have revealed that centrifugation with a fixed angle rotor can also separate salivary EVs based on their densities (Fig. 6 ). Based on these observations, an improved version of the protocol for salivary EV isolation has been established in this study (Fig. 1a, right) , in which a fixed angle rotor having a k-factor of 53.4 was used. Because of this small k-factor of the rotor, it was possible to reduce the centrifugation time from 17 to 4 h.
With this modified protocol, salivary EVs were purified from 8 healthy volunteers. For all 8 specimens, EV markers (CD63, TSG101, AQP5 and EpCAM) were highly expressed in fraction 2, and miRNAs were also abundant in fraction 2 ( Figs. 7 and 8 ). There were differences in expression levels of these biomolecules but, dependent on samples, they were concentrated in apparent EV fractions, thus providing a reliable source for discovery biomarkers from EVs. miRNAs have been proposed to be potential biomarkers and novel targets for cancer (53, 54) , diabetes (55) , cardiovascular disease (56), osteoporosis (57) and Sjögren's syndrome (58) , and some of them (59, 60) were indeed expressed in fraction 2 of these samples. Interestingly, some miRNAs were expressed in fractions other than fraction 2. For instance, miR-197 (sample 1), miR-203 (sample 2) and miR-320 (sample 3) were only expressed in fraction 3. Densitybased separation and characterization of these biomarkers would reveal the subclass of EVs or carriers (for instance, lipoprotein particles) other than EVs, which contain these biomolecules and would lead to the establishment of novel diagnostic methods. The ultracentrifugation method enables us to prepare a relatively pure EV fraction, which is necessary in the developmental stage of a diagnostic system. However, even with our modified protocol, with improvements throughout, the method may not be compatible with daily diagnostic tasks in hospitals. Furthermore, it is important to be aware of the artifact that could be induced by ultracentrifugation itself, as recently reported (61, 62) . Further exploration of EV isolation methods based on novel principles is vital for the realization of an EV-based diagnosis system.
Conclusions
In this study, the conditions for fractionating salivary EVs based on their densities have been established. Using this methodology, a comparative analysis between salivary EVs and EVs prepared from the conditioned medium of culture cell has been performed, from which it was found that salivary EVs have smaller sizes and higher densities than the EVs from the cell supernatant. This study also established separation protocol with high throughput for clinical samples. The methods established here will accelerate the development of salivary EV-based diagnosis systems.
